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X-ray Reflectivity Study of Thermal Capillary Waves on Liquid Surfaces
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X-ray reflectivity measurements have been carried out at the liquid/vapor interface of normal
alkanes. The reflectivities over a large temperature range of different chain lengths (C20 and C36)
provide a critical test of the various capillary wave models. Our data are most consistent with the
hybrid model which allows for a molecular size dependent cutoff gmax for the capillary waves and an

intrinsic interface width oo.

PACS numbers: 68.10.-m, 61.25.Em, 64.70.Dv

It has long been realized that the density variation
normal to the liquid free surface is gradual and contin-
uous. However, the exact origins, shape, temperature
dependence, etc., of this profile are still not fully under-
stood. The mean-field theory of van der Waals [1] and its
modern extensions by Widom and co-workers [2] predict
a smooth, continuous compositional profile whose width
depends on the bulk correlation length only. The con-
tinuous nature of the interface was first ascribed to ther-
mally excited capillary waves by Buff, Lovett, and Still-
inger (BLS) [3], who extended the macroscopic elasticity
theory to microscopic lengths. They calculated the inter-
facial width by integrating the thermally excited capillary
spectrum from the long-wavelength gravitational cutoff,
gmin ~1 cm™!, to a short-wavelength cutoff, gmax~7/a,
determined by the molecular size a. The BLS model
has been further refined by the inclusion of an intrin-
sic profile of finite width [4], the renormalization of the
surface tension [5], the introduction of coupling between
the capillary modes [6], etc. However, the physical ori-
gin for gmax and the intrinsic interfacial width o are not
universal for these theories [7].

Close to criticality, the widths of the liquid-vapor in-
terface ranges from hundreds to thousands of A. Within
this region, optical ellipsometry and reflectometry experi-
ments [8-10] have been employed extensively to study the
liquid-vapor interface. However, far from criticality the
widths have been measured [6,8] to be less than 10 A and
these optical techniques do not provide sufficient resolu-
tion to test the different theoretical approaches. Since x-
ray surface techniques provide sub-A resolution [11-14],
they are well suited to study the noncritical liquid-vapor
interface profile. Specular reflectivity has been used to
measure the mean capillary wave amplitudes [13-16],
whereas the diffuse scattering has provided information
on the in-plane correlations [14, 15,17]. These studies
demonstrate that the capillary wave spectrum can be
probed up to the long-wavelength limit imposed by the
x-ray instrumental resolution. Since all of these previous
studies were carried out with liquids of similar molecu-
lar size and at room temperature only, the magnitude
and physical origins of gmax remain controversial. In the
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present work, we employ x-ray reflectivity to study the
density profile of the free surface of liquid alkanes with
different molecular sizes over a large temperature range.
Our results, which are described best by the hybrid cap-
illary model, yield an intrinsic width of og ~1 A for the
interface, and a short-wavelength cutoff gnax related to
the molecular size. Both parameters are found to be tem-
perature independent.

In an x-ray reflectivity measurement, a beam of wave-
length ) is incident upon a horizontal liquid surface at
a grazing angle o, and a detector is placed at an angle
3 = « in the plane of reflection to measure the reflected
intensity. In this configuration, the wave-vector transfer
g, = (4m/))sin(e) is normal to the liquid surface, thus
the reflectivity probes the electron density profile along
that direction. For an ideally smooth and sharp interface,
the reflectivity R(g,) is purely specular and is given by
the Fresnel reflectivity Rr(g;), shown in Fig. 1. For an
actual liquid interface, the reflectivity is no longer purely
specular, as the diffuse scattering from the capillary fluc-
tuations also contributes to the measured intensity [13,
14]. To a very good approximation, the reflectivity is
only modified by a Debye-Waller-like factor [13, 18] and
is given by

R(q:) = Rr(q2) eXP(—quesz)» (1)

where .5 is the effective width of the liquid interface and
is discussed below. Thus, a fit of Eq. (1) by the mea-
sured x-ray reflectivity of a given liquid surface allows, in
principle, the determination of the interfacial width.
Following the reviews by Gelfand and Fisher (7] and
Beysens and Robert [19], all capillary wave theories result
in the following expression for the width o of the liquid-

vapor interface:
kT
b 1n(%"-). @)
27 Yew gmin

where oo and o, are the intrinsic and capillary contri-
butions to the surface width, respectively. gmax is the
short-wavelength cutoff which must be smaller than 7/a
where a is the molecular size. The origin and exact nature
of 0p and gmax are model dependent. Gravity imposes a

o?=0%+ol, =05+
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FIG. 1. X-ray reflectivities of C20 at T = 40, 70, 100, and

130°C (open symbols). Note the increase with temperature
in the rate of decrease with ¢,. The lines through the symbols
are the fits discussed in the text. The solid line is the Fresnel
reflectivity Rr and the dotted line is the reflectivity with an
interface width oo = 1.1 A. In the inset, the reflectivities
normalized by the Rr are plotted as a function of ¢Z.

long-wavelength cutoff [7], gmin = gy = \/Apg/Yew With
g the gravitational acceleration, 7., the surface tension
associated with the capillary waves, and Ap the mass
density difference between the liquid and its vapor.

In reflectivity measurements, the longest coherence
length 47/q,AB that can be resolved by the instrument
is always much smaller than 27 /g, [13], where Af is the
angular acceptance of the detector in the plane of reflec-
tion. This results in gmin = q,AB/2 for the configuration
used in our experiment, and consequently the effective
interface width measured with x-ray reflectivity is given

by [20]
In
+ E <2Qmax)_ (3)
2y A8
Note the ¢, dependence of this expression, which is of-
ten unjustly neglected in the determination of surface
“roughness” by x-ray methods. The resolution depen-
dence of the second term has been experimentally veri-
fied by Braslau et al. [13]. Although the second term is
significantly smaller than that obtained when using the
gravitational cutoff [7], it is still much larger than oZ.
The x-ray reflectivity measurements were done at
beam line X22B of the National Synchrotron Light
Source using the Harvard-BNL liquid spectrometer at
A = 1.53 A and with an angular resolution of A3 = 3.3

2 2
O'eﬁ =09

mrad. The samples, normal alkanes CHz-[CHzJ,—2-CHg3
(denoted Cn) have nominal purities >99%. Each sample
consisted of a puddle ~70 mm in diameter and ~0.5 mm
thick, contained in a sealed beryllium cell, the tempera-
ture of which was regulated to < 5 x 1073 °C [21]. No x-
ray exposure effects or temperature-cycling degradation
effects were observed. Previously it has been shown that
a crystalline monomolecular layer forms at the surface of
liquid alkanes at temperatures of up to 3°C above their
bulk freezing temperatures [21]. In the present study
reflectivity spectra were obtained for C20 at eleven tem-
peratures in the range 40°C< T <140°C and for C36
at four temperatures in the range 80°C< T <140°C.
These temperature are well above the surface crystalliza-
tion temperature.

The measured reflectivities of C20 at T' =40, 70, 100,
and 130°C are shown in Fig. 1. Their overall g, de-
pendence is typical of reflectivities measured for simple
liquid surfaces such as water and ethanol [13, 14]. Fur-
thermore, it is clearly observed that the rate of decrease
of the reflectivity with g, is higher at higher tempera-
tures, as expected from Eqs. (1) and (3). To fit these
data with Eq. (3), we measured the surface tension of
C20 and C36 using the Wilhelmy plate method [22] over
the same temperature range as the x-ray measurements.
The cell is similar to the one used for x-ray measurements
except for a hole in the top for the wire holding the plate.
As the vapor pressures of both compounds are negligible
at these temperatures the closure of the cell is not im-
portant. The measured surface tensions 7y, plotted in the
inset of Fig. 3, are described by yc20 = 31.49 — 0.0848T
dyn/cm, and yc36 = 35.30 — 0.0920T" dyn/cm, with T in
°C. To calculate the gravitational long-wavelength cut-
off, we used the literature values of the liquid density,
given by pczo = 0.803 — 6.75 x 10~4T g/cm?® [23], and
pczs = 0.829 — 6.20 x 10747 g/cm? [24]. The criti-
cal angles obtained from the reflectivity are in consistent
agreement with the values calculated from these densi-
ties.

We have utilized the hybrid capillary wave model, pro-
posed by Weeks [4], to fit the reflectivity data. This
model has, in Egs. (2) and (3), Ycw equal to the macro-
scopic, measured surface tension v and leaves gmax as a
free parameter, of the order of w/€, where £ is the bulk
correlation length. Fluctuations on wavelengths shorter
than £ are assumed to give rise to a finite intrinsic in-
terfacial width o9. Most previous x-ray reflectivity mea-
surements at the liquid-vapor interface have utilized this
formulation [13-15]. However, even though oy is g, de-
pendent and og is g, independent, the weak logarith-
mic g, dependence is insufficient for separating these two
terms in fitting reflectivity data measured at a single tem-
perature. By measuring the data over a large tempera-
ture range the prospects of separating o, from o are
greatly enhanced. Here we assume that gmax and o are
determined by the molecular size, and thus are tempera-
ture independent and common to all measured reflectiv-
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ity curves of a single compound. For C20, the reflectivity
curves measured at eleven different temperature were fit-
ted simultaneously by Eqgs. (1) and (3). o¢ and gmax were
found to be strongly coupled: the larger o, the smaller
ocw and, consequently, gmax [Fig. 2(a)]. A minimal x?2
was achieved for oo = 1.1 A and gmax = 0.44 A-! [Fig.
2(b)]. As demonstrated by Fig. 1, the model provides an
excellent description of the data over the entire temper-
ature range. The reflectivity curve (dashed line in Fig.
1), with o9 = 1.1 A for o.g, without the capillary wave
contribution, demonstrates that the capillary wave term
in Eq. (3) is dominant. The shallow minimum of x? with
respect to og [see Fig. 2(b)] is a direct consequence of
the weak ¢, dependence of the capillary term in Eq. (2)
and the small contribution from oy.

To further elucidate the behavior of gmax, we set g
equal to 1.1 A and fit the reflectivities at each tem-
perature with a free gmax. The resultant gn.x is ef-
fectively constant over the 100°C range and is equal
to 0.44 £ 0.06 A-1. The absence of a systematic tem-
perature dependence is consistent with our starting as-
sumption that o9 and gmax are related to the molecu-
lar size. The value of og is close to the carbon-carbon
bond length ag of 1.5 A. The effective cutoff length,
7/qmax ~ 7.1 A, is significantly larger than the corre-
sponding length for simple liquids obtained previously.
For instance, 7/qmax =~ 1.9 A for water, 7/qmax ~ 2.5
A for methanol, and 7/gmax ~ 3.4 A for carbon tetra-
chloride [13]. The radius of the alkane chain in the liquid
state is between half the fully extended chain length, 12
A, and the radius of gyration of a randomly coiled chain,
V2(N —1)/3a9~5.3 A. The 7.1 A cutoff obtained here
is consistent with these values.

Similar fits were also carried out for the C36 data.
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FIG.2. (a) The variation of gmax With oo in the simultane-
ous fit of the measured eleven reflectivity curves for C20 (solid
line) and of the four reflectivities measured for C36 (dotted
line). (b) The x? variation with oo of the simultaneous fit of
the eleven reflectivities for C20.

244

The limited temperature range between the C36 freez-
ing temperature and 140°C results in a more shallow
minimum in the x? curve (not shown) than for C20.
Based on the assumption that oo is determined by the
C-C bond length, we fixed oo at the value obtained
for C20 in order to make a direct comparison between
both chain lengths. This procedure yields a tempera-
ture independent gmax = 0.27 £ 0.03 A~1, or a corre-
sponding 7/gmax = 11.6 A. The ratio of these lengths,
11.6/7.1 =~ 1.6 £ 0.3, lies between the carbon number ra-
tio of C20 and C36, 36/20=1.8, and its square root, 1.3,
also in accordance with the interpretation of gmax as a
molecular size determined cutoff.

In Fig. 3 we show the temperature dependence of the
interfacial width oeg, evaluated at g, = 0.4 A‘l, for C20
(circles) and C36 (squares) obtained by fitting the reflec-
tivity profiles. The dashed lines were obtained from the
capillary wave fits with a constant gmax obtained by fit-
ting reflectivities of all temperatures simultaneously, and
the open circles and squares were obtained when gpax was
allowed to float at each temperature. The small scatter
of the symbols relative to the dashed lines demonstrates
the two parameter model is in good agreement with the
experimental results. For C20 o.g increases from 4.2 A
at 40°C to 5.5 A at 140°C. At all temperatures oeg for
C20 is larger than for C36 due to its lower surface ten-
sion 7 and higher gmax. In Fig. 3, we also show the tem-
perature dependence of the “true” o which is obtained
by integrating over all capillary modes from the gravita-
tional cutoff up to gmax. The solid lines are the values
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FIG. 3. The interface width o and effective width oeg of
C20 and C36 as a function of temperatures. Respectively,
o and ogeg of C20 are in closed and open circles, o and ceg
of C36 are in closed and open squares. The lines are the
corresponding widths calculated with oo = 1.1 &, gmax =
0.44 A~* for C20 and gmax = 0.27 A~! for C36. The inset
shows the measured surface tension v of C20 (circles) and C36
(squares).
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obtained with a single gmax for each compound, while
the solid circles and squares are the values obtained with
different gnax at different temperatures. Unlike oeg, o
is the total interface width and is free from instrumental
resolution effects. Since the finite instrumental resolu-
tion excludes a range of modes from the measurements,
Oeff is always smaller than o. For example, for C20 at
40°C, g; = 5 x 1078 A~ yields a full capillary wave-
length range from 7 A to 6x10® A. The finite resolution,
however, decreases 7/qmin Which reduces the maximum
capillary wavelength to ~ 5x103 A at g, = 0.4 A~

We now discuss our measurements within the context
of the BLS model [3]. This model assumes a sharp in-
trinsic interface, i.e., 09 = 0, with gmax determined self-
consistently by gmax = 7/c [see Eq. (2)]. Also, Yew
is the surface tension of the “bare” interface, which is
related to the macroscopic surface tension v by Yew =
v+ (3kyT/16m)g2 ,c- The use of this v.w in Egs. (1) and
(3) yields an upper bound on ¢ and oeg for each tem-
perature, which are about 1 A too small to account for
the observed decrease in the reflectivity with g,. Thus
it is impossible to fit the reflectivity data with the BLS
capillary wave model. This is not very surprising since
the continuum-matter BLS theory does not provide for
the additional roughness due to the finite molecular size.

We have also checked the validity of the mode cou-
pling capillary wave model [6] for our measured reflectiv-
ities. This model effectively reduces to Egs. (1) and (3
with a temperature dependent cutoff gMS = /8my/3k,T
which does not depend explicitly on the molecular size.
Using the measured surface tension, we obtain for C20
gMC = 0.72 and 0.52 A~ at 40 and 140 °C, respectively.
Likewise, for C36 ¢MS = 0.63 and 0.57 A~ for 80 and
140°C. From Fig. 2(a) it is apparent that such a large
gMC value requires o = 0 for C20 and results in a larger
x? in the fit than that of the hybrid model. For C36 the
gMC value obtained even requires an imaginary value for
oo to fit the data, which is of course unphysical. All this
indicates that the mode coupling model is less favored
by the data than the hybrid model. However, the influ-
ence of mode coupling on the measured data is expected
to be small in our case. The molecular size cutoffs gmax
are smaller here than the mode coupling ones, and will,
therefore, be the ones limiting the spectrum in practice.
The fact that previous liquid x-ray reflectivity spectra
[16,19] could be described by the mode coupling theo-
ries with gmax = qxg may be serendipitous since for the
small molecules of previous studies ¢M< coincides with
the molecular size cutoff.

The temperature and molecular size dependent study
of the surface of liquid normal alkanes, presented here,
provides strong experimental support for the hybrid the-
ory, which views the noncritical liquid-vapor interface
as having an intrihsic width broadened further by ther-
mally induced capillary waves, with wavelengths extend-
ing down to the molecular size. While the BLS theory is
found to be clearly unsupportable, the cutoff given by the

mode coupling theory is not relevant in the present stud-
ies, even though it may be applicable to liquid surfaces
of small molecular sizes. Further studies over larger tem-
perature ranges and for smaller molecules are required to
gain insight into this problem.
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